Abstract Pakistan is situated very close to the subduction zone of Indian-Arabian plates and Indian-Eurasian plates. Thus, it is a country with moderate to high seismicity with a large number of major earthquakes. Therefore, the severity of seismic hazards of major earthquakes is not ignorable. The seismicity of northern areas of Pakistan (33-37°N and 70-76°E), which are the part of North West Himalaya, is studied. Three earthquake catalogues are selected and then completed for this purpose. The spatial distribution of their epicenters, as a function of depth, shows that most of the earthquakes (about 84 %) occurred in shallow to intermediate depths. Relationship between major faults and their source mechanism is also investigated. The Focal mechanism solutions of 39 significant earthquakes in this area, occurred in the period of 1976-2014 with magnitude M w [ 5.0, are also analyzed. The focal depth of these events is in the range of 10-244 km. Among 39 focal mechanisms, the majority of them located in lower crust. Global centroid moment tensor solutions indicate that the majority of the seismic events show strike-slip faulting with a left-lateral sense of motion, followed by thrust and normal faulting. Most of these focal mechanisms located in the HinduKush, a most seismically active, region. The major source of these events and thrusting is the subduction of the Indian plate under the Eurasian Plate. At shallow to intermediate depth, low-to-intermediate angle thrust faulting is dominant. It is seen that in a large number of seismic events the compressive stress is acting nearly in NNW-SSE to N-S directions.
Introduction
Himalaya mountain range, one of the oldest and active mountain range in the world, is formed by the continuous collision of the Indian-Eurasian plates. Pakistan and adjoining countries, situated in the vicinity of this mountain range, experience high frequency of earthquakes, which in some cases have resulted in great loss of lives and destruction (Rafi and Hyder 2012) . Northwest (NW) Himalaya is one of the most active seismic regions in the Himalaya mountain range. The northern areas of Pakistan comprise by NW Himalaya. Thus, there are large number of active faults, thrust belts and high seismicity zones Fig. 1 Simplified tectonic map of northwest Himalaya, Pakistan showing the location of the study area and major geological structurals (after Chaudhry and Ghazanfar 1993) (Johnson et al. 1976) . Pakistan lies between 23-37°N and 61-75°E ( Fig. 1 ) and situated on active seismic belts, folds and faults due to the movements of the Indian plate with respect to Eurasia on the west (Kazmi and Jan 1997) . The occurrence of moderate to large seismic events in this fold and thrust belt is very common and the result is continuous and active tectonic deformation. Serious damages and large mass destruction is associated with some of the large events through strong ground motion and rupturing the ground surface. Therefore, a proper understanding of seismicity in a particular area is mandatory.
In earthquake seismology, the direction of slip in an earthquake and orientation of faults on which it occurs is called focal mechanism. The orientation of fault planes and slip directions indicated by the focal mechanism solutions can be used to determine stress direction in this region. A seismologist got information from seismograms to see focal mechanism and normally display on maps as a ''Beach Ball'' symbol (Sipkin 1994) . This beach ball describes the direction of slip in an earthquake and the orientation of the fault on which it occurs. The beach ball concept also provides information about nature of fault (strike slip, normal, reverse or oblique fault). The focal mechanism is a result of the direction (positive or negative) of the first P-wave impulse recorded at each station on a large area (Bala et al. 2003) .
We have selected high seismicity areas between 33-37°N and 70-76°E in the north of Pakistan. The location and tectonic map of the study is given in Fig. 1 . The main objective of this work is to analyze the seismicity distribution in northern Pakistan since 1900-2014 and the focal mechanism study of some of the significant seismic events with magnitude C5.0 from 1976 to 2014. For focal plane solution total 39 earthquakes having magnitude 5.0 or greater are selected from Global CMT catalogue in the study area.
Regional geology and tectonic setting of the area
The Northern Area of Pakistan (Gilgit-Baltistan) is composed of three, snow-covered mountain ranges: Himalaya, Hindu Kush and Karakoram, which make this region tectonically distinct and unique all over the world. These mountain ranges are the result of collision between the Indian and Eurasian plates at ca. 100 and 50 Ma. This collision results in crustal thickening with coeval metamorphism deformation in the rocks of northern area. The northwards movement of Indo-Pakistan sub-plate is continues at the rate of 2 mm/year (Patriat and Achache 1984) . Transpression or strike-slip faulting is also active in this compressional regime (Verma 1991; Sercombe et al. 1998; MonaLisa et al. 2004) .
The Indo-Pakistan subcontinent got separated from the Gondwana at ca. 130 Ma (Johnson et al. 1976 ). Prior to the evolution of plate tectonic model geological arguments were used for the reconstruction of Gondwana. Paleomagnetic data had furnished more credible evidences that were used for the reconstruction of the ancient supercontinents. Owing to Miocene Himalyan orogeny and active convergent regime the area is tectonically highly disturbed (Kazmi and Jan 1997) . Consequently, Kohistan (Ladakh), Nanga Parbat contact represents a ductile shear zone (Treloar et al. 1991) . The area has outcrops of basement rocks that were formed below the Kohistan Ladakh Island Arc. The Kohistan Magmatic Arc consist of Cretaceous and Tertiary metabasic and sedimentary rocks (Madini et al. 1989 ) which can be classified into several distinct units on the basis of ages and lithological characteristics (Pudsey 1986 ). Each of these units extends tens to hundreds of kilometers along the eastern and western side of the arc. From north to south: Yasin group, Chalt (and other) Volcanic, Kohistan Batholiths, Jaglot Schist Group, Chilas Complex, Southern Amphibolites and Jijal Complex are exposed in the area (Searle et al. 1999 ). Volcanic Chalt is more than 350 km long occurs as Green Stone Complex (Desio and Martina 1972; Zeitler 1985; Petterson and Windley 1985) . The volcanics comprised of a diverse group of rocks, ranging from basalt to andesite, dacite and rhyolite flows, conglomerate, breccias and tuff. They exhibit low-grade metamorphism characterized by chlorite, epidote, amphibole, sodic plagioclase, quartz, with or without carbonate, iron oxide and mica (Petterson and Windley 1985) . Kohistan batholiths are the principal units of the Kohistan magmatic arc which constitutes 300 km long and up to 60 km broad belt to the west of Nanga Parbat. It forms western part of the great trans-Himaliyan Batholiths and continues on the eastern side of Nanga Parbat in Deosai (Kazmi and Jan 1997) . The Kohistan batholiths consist of numerous large to small plotons, plugs, dykes and sheets. Most of the rocks of the batholiths display a typical calc-alkaline trend but some rock are tholeiitic, sub-alkaline or even alkaline.
Main Mantle thrust (MMT), Main Karakorum thrust (MKT), Dassu-Sassi Fault, Upper Hunza Fault, Karakoram Fault, Trichmir boundary Fault, Nanga Parbat and Raikot fault are the main tectonic elements present in the area (Fig. 1 ). MKT also known as the Shyok Suture Zone and MMT is known as Indus Suture Zone (Yeats and Lawrence 1984) .
Data source and methodology
A number of local and international earthquake catalogues are prepared and available for the study area. USGS earthquake database , NESPAK (1962 NESPAK ( -2014 and Global CMT catalogue for earthquake source mechanisms in and around Pakistan (1976 Pakistan ( -2014 were selected for the present analysis and study. The earthquakes recorded in different catalogues have different magnitude scales. This difference in earthquake magnitude scale is primarily because of different recording instruments that were available during recording. Most of the magnitudes in these catalogue were recorded in local magnitude (M L ), which is the oldest magnitude scale defined by Richter (1935) , short-period P-wave or body magnitude (m b ) and surface magnitudes (M s ). Therefore, to avoid any fallacious result of our analysis, this inhomogeneity in the magnitude needs to be corrected. All different magnitude needs to transfer to a homogeneous magnitude scale. The homogenization of magnitude of earthquake catalogues is very important to shift all earthquakes in one common magnitude scale to interpret earthquake size characterization and associated phenomenon. In order to homogenize the magnitude, we correlated different magnitude reported for same earthquake recorded in these three catalogues and derived some regionspecific empirical relationship between different magnitude scales (Bormann et al. 2007) . In this work, the moment magnitude (M w ) scale is selected as the representative homogeneous scale for each recorded seismic event. Among different available magnitude regression techniques, the least square error minimization technique (Castellaro et al. 2006 ) is used to establish regression relationship between Ms and M w , M L and M w , m b and M w . The algebraic relation in the form of
is established between different magnitudes with linear correlation (here x is magnitude other than M w , a and b are regression parameters and e represents to the error). In for 3:0 M S 5:6 and M L -M w is valid for 3:2 M L 6:4. At higher magnitudes above these limits, some discrepancy between linear regression and data points is observed. After the homogenization of the magnitudes, all duplicated earthquakes from these three catalogues are merged into a single entry for each earthquake event. Total 15,000 unduplicated seismic events have been selected in the study area bounded between 33-37°N and 70-74°E. All these events have magnitude greater or equal to 3.0 and recorded in more than one catalogue. However, for focal mechanism solution 39 seismic events having M w C 5.0 were selected in the study area for the period of 1976-2014. Location and other characteristics of these earthquakes are listed in Table 2 .
Seismicity distribution
Based on depth of occurrence and magnitude, earthquake distribution is random throughout the region, starting from shallow to deep ([300 km) as shown in Fig. 3 . The seismicity pattern of the region shows that whole area under investigation is seismically active. The seismic activity is concentrated mostly in northern parts of Pakistan. The majority of earthquakes recorded in the region originate from highly active Hindu Kush region which is represented by high concentration of earthquakes. In central part of the country most of the events are of shallow origin (\50 km), however, in northern part of the country, the seismic events occurred at shallow as well as deeper depth. Most of the northern part, the HinduKush and Kashmir region have intermediate to deeper seismic events encompassing depth range 100-300 km. Total 22 seismic events documented in USGS catalog having magnitude M w C 7.0. Most of the earthquakes occurred in Hindu-Kush region with deeper depth. Kashmir earthquake of October 2005, have 7.6 magnitude and 12 km depth.
The histogram of the number of seismic events as a function of depth in the study area is presented in Fig. 4a . The distribution on depth concentrated into three zones of seismicity: shallow depth of crustal domain 0-35 km, upper part of subduction zone (intermediate depth) at depth of 80-120 km and the lower part of subduction zone (deeper events) at depth range of 180-225 km. In crustal domain, the maximum number of earthquakes occurred at shallow depth between 10 and 15 and 35-40 km whereas the seismicity decreased at 15-30 km depth. At shallow depth, about 20 % of the total recorded earthquakes are concentrated into two narrow zones: one is 10-15 km hypocentral depth and second is 30-35 km depth. The first narrow band of earthquakes followed the curved Himalayan front. This seismicity originated by the deformation between upper and lower crust at a ramp under the Lesser and Higher Himalaya (Pandey et al. 1999) . The second band indicates the seismic events generated by the subduction of the Indian plate under Eurasian plate. However, most the earthquakes are of low to intermediate magnitudes as shown in Fig. 4b . Only two earthquakes of magnitude above 7 were generated from the deformational zone.
To quantify the seismicity distribution in time and space domain, Gutenberg and Richter (1954) relation
is used for the period of 62 years . Here N(M) is the number of earthquakes having magnitude equal or greater than M occurring annually in a specific area, a and b are coefficients termed as seismicity parameters of that area. The frequency-magnitude curve is shown in Fig. 5 . From this magnitude-frequency curve, a and b coefficients of Eq. (3) were determined for this area. From regression analysis following frequency-magnitude relationship is drawn. 
The b-value is close to 1, which is its global value.
Focal mechanism solution
For depth distribution and fault plane analysis of significant earthquakes in study area, Global CMT focal mechanism solution is used. The focal mechanism map of all significant seismic events, having magnitude equal or greater than 5.0 for the period of 1976-2014, is shown in Fig. 6 . The orientation of these beach balls shows intense thrusting in the area. Strike-slip and reverse faulting is also reported in this area. It is clear from figure that majority of these mechanisms originated from or near to the major geological structures. The detailed geological description is given in Fig. 1 . Based on focal depth of each event, these focal mechanisms can be divided into three depth intervals as mentioned in Fig. 3 , most of the seismic events occurred in the Hindu-Kush region are deeper than that of Kashmir area due to the proximity with subduction of Indian plate under Eurasian plate. Based on their distribution and location, these mechanisms can be divided into two zones: Hindu-Kush and Kashmir. However, few FSM do not exist in these zones. In the east of Hindu-Kush region, near to Main Karakorum Thrust, Two mechanisms, which are not included in both zones, were also generated from the MKT. One of them showing normal strike-slip fault, while other is oblique dip-slip normal fault. Three FSM between the Higher and Lesser Himalaya show oblique dip slip reverse fault. These were generated at the ramp between the Higher Himalaya and Lesser Himalaya.
FMS in Hindu-Kush region
A total 21 out of 39 seismic events occurred in the Hindu-Kush region, which is the most seismically active zone. Majority of these mechanism solutions are located along the MKT and showing NNW-SSE to N-S directions of faulting. Most of the solutions indicate reverse dip-slip faulting along the auxiliary plane. However, few represents oblique strikeslip fault. Focal depth of these events indicates that the cover rock beneath the Hindu-Kush region is affected by these earthquakes.
FMS in Kashmir region
11 focal mechanisms among total 39 are located in Kashmir region. Most of these mechanisms are situated near to MBT. The orientation of beach ball diagrams shows that these mechanisms follow NNW-SSE to N-S directions of faults. All these are thrust and reverse faults. However, two FSM away from Main Boundary thrust (MBT), near to MMT show normal faulting.
Conclusions
On the basis of three earthquake catalogues: USGS, NESPAK and Global CMT, we have analyzed the seismicity distribution and focal mechanism solution of northern Pakistan, covering the time interval of 1900-2014, in connection with active tectonics. The focal depth distribution of the earthquakes is very random. However, the Hindu-Kush region is most active region. Majority of the major earthquakes have shallow to intermediate focal depth. Frequency of earthquakes in Hindu-Kush region is greater but due to deeper and intermediate earthquake events these regions have less damaging effects. While frequency of earthquakes is low in Kashmir region but due to shallow depth events these regions have maximum damaging effects. Total 39 focal mechanism solutions of major earthquakes are also analyzed. We draw beach balls of 39 significant events having magnitude equal or greater than 5.0 in the study area. The focal mechanism shows that in study area, HinduKush and Kashmir regions mostly show the thrust faulting mechanisms occasionally show normal faulting. The direction of crustal stress in Kashmir is NE-SW which is the perpendicular to the line of the plate collision and Main Boundary Thrust. Subduction of the Indian plate under the Eurasian Plate is a source of some of the major events with thrusting and reverse faulting. Low-to-intermediate angle thrust faulting is dominant to a depth of 40-70 km.
